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Abatraoi. 

An espei’lmental Investljpitioa of liollow eathotlcB 
for :;o-eni llir (ximl)ardmont thrusters was carried out. 
noth imilii and nouti'aliaer cathode eoiiflijairutiuiis were 
tested will! both rolled foil Inserts coated wiili low work 
function 'iiaterlal and impreBnated porous tungsten In- 
surlB. Teniiieralure nieasiircmciits of mi iinprcgnatm! 
insert at various poBillons In the cathode were imule. 
These, along willi the oalliodo thermal profile are pre- 
sented. A difsjry !ivr retied foil and impregnated Insert 
cperalioa and lifetime In hollow calhodos Is doi'alnped. 
Several eatiurance f<ists, as long as IS 000 hours at 
emtssion currents of up to 12 nmps wore attained with 
no degradation in poiTormante. 


Iniroductloii 

In previous pnr.ametric invostlgatIons^^“^^ of hollow 
cathodes for :i0-em Hg llirustors tl was found that llic 
proper choice of cathode materials and Up orifice di- 
mensions wore necessary to assure minimum tip erosion 
mul Inicgi'lty of the catliode. It was also shown oxperl- 
montally that a piu'ametcr that most strongly alfected 
cathode lifetime*^’ was the low work function material 
used to botli initiate and sustain a cathode discharge. 
Adequate lifetime of the cathode depended heavily on 
maintaining llio emissive mix at low enough temperu- 
Uires so as not to be dispensed too quickly during calli- 
odo operation, E.xpc-rl mental and theoretical work has 
continued m hollow catliodos to find a desirable lovv 
work fmicllon material, proper thermal environment for 
tlie low work function container, and/or a dispenser to 
provide proper release of emissive niL’C to assure long 
lifetime. 


Presented in this paper are die results of testing 
hollow cathoEes for use us botli main and neutralizer 
eatliodes in 30-cm thrusters. The cathodes were tested 
in bell jars, where tlie insert material and its position 
relative to the cathode tip were varied. Neutralizers 
and main cathodes were run at emission levels ot 
2 amps and between 7 and 12 amps, respeutlvely. The 
cathode keeper and collector voltages were monitored, 
along will) temperature measurements recorded at the 
catliode tip and behind the cathode tip lieater. Test data 
are pre<-ented for (1) a 10 000-liour test of a main catli- 
ode .all a rolled foil recessed Insert, (2j on ongoing 
18 000-hour test of a main cathode witli an Impregnated 
insert, and (3) a neutralizer cathode tost of 15 000 hours. 
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Thu second luilf of llio paper pveBeiita a theoretical 
esHmatc of liTctImes of botli rolled foil Inserts and tm- 
pregnalml porous lungslon inBui-ts. A theory for poitius 
tungslen insert operation in lioUow eatliodes is developed. 
Tlie tlieory Incorporates reported ovui»oraUo:i rates of 
active niati" ial from llie porous tungslen insert and the 
influence of the insert, .size, tempcraUirc, and ealhode 
orifice dimensions on cathode design. The iiicdel devel- 
oned Is used to predict cathode HI .time and pcrforniaiieu 
as !i rtuicUon of operating condll ions. 

Aniiaratus anti Procedure 
Hollow Catliodcs and Inserts 

Figtirc 1 shews a sketch of u Ly]i[eul uathude coiifig- 
uratioii used In these studies. Tito hollow cathodes were 
made of 6. 35-inm diameter tantalum tubing with a wall 
thtcimoss of 0,38 mm and hud a 1. 22-mm thick 2 percent 
thorlatcd tungsten disk electron bctim welded to the tube. 
A straiglit-tlirougl’ A. 40 mm orifice was used for a neu- 
tralizer cathode and the orifices of the main calliotle 
w->ro 0.76 mm Ir 'lameter with a 43° chamfer. All the 
main Ciithodes w’ero faljricatcd .and assembled by Huglies 
Resoaroli Laboratories, 

Table I summarizes tlie viirlous catliode eonflgui'ii- 
tlons tested. Two types of radiation fins (used to reduce 
tip operating temperatures) were used on the main cath- 
odes, One tyise had a Ta fin 1,75 cm in diameter that 
was electron beam welded to the cathode as shown in 
figure 1. Tlie other type of radiation fin Ijad attached to 
It a 0.8-eni long collar-, to extend the i-adiating area. 
Figure 1 shows this collared tin that was usee on cath- 
odes 2 and 3, The cathode Inserts were of two types, 
coated rolled Ta foil and impregnated porous tungsten. 
Rolled foil inserts used in cathodes wore made of 0.012- 
mm tliick tantalum foil 15-cm long and 1. 27-cni wide, 
rolled into a coil, and dipped Hiree times Into an emis- 
sive mix. A flow passage of about 1. S-mm diameter 
existed along the center of the inrsert. The emissive 
mix (R-300) was a barium carbonate and strontium oar- 
bonatfe mixture containing a nitrocellulose binder and 
suspended in a mixture of organic solvents. Comnier- 
clallj' available (semioon type 84-.“^', porous "ungsten 
inserts were used. The inserts were impregnated with 
a low work function material, hurlum calcium aluminate. 
Tlie impregnated Inserts wera hollow cylinders 2, 54-cm 
long, with a a. 3- mm outside diameter and an inside di- 
ameter that varied from 2. 54 to 3. 82 mm. 


Tip hciiturs wui'c olthei’ lim( 4 Slcn wi re eiicapsuhilcO 
III riame Buriiyud Al.,0,j of Imiliihuii wliv enclosed In lim- 
tnlum tublnK (svs':i|;(!{l Iicnlcrs), H:ult;iUoi) alilcldtii;; inmie 
of U, 0 15- lum (hick IniiLnIuni Toll wat; wrapped iiround tlio 
tip heaters. An open loop wire keeper with a hole 
(i. 25 mm In diameter was spliced 1. 5 mm from the cath- 
ode. To simulate the Uiruster aliOde a 7. 5-em diameter 
Ta di.sk was placed 1.9 cm from tlie keeper. Flow rates 
were measured usliiK precision Ixire gla.ss capillary flow 
tubes and time averaged llf|uid mercury flow rates were 
nblalned for short periods of time. 

Vacuum Faellltles 

Cathodes 1, 2. -1. and 0 wore nm in 0, fi-m diameter 
bell jars. An oil iliffuslon pump, usliiji'a liquid nltruKen 
baffle, kept the bell jar pressure In the low 10“*’ torr 
ranse. Mercury from tlic Isollow calbodcs was condensed 
on a liquid nitrogen cold trap. Catliode.s 5. 0. and 5 
(which was remavsd from a bell jar at 500 lu") wore run 
in ports attached to the 7, 5-m diamcler by 22- ni lonp 
faellUy (lank (!) In tlic electric propulsion laboratorj' .at 
Lewis lleseareh Cenler. 

K.\nori mental liesult-s and Discussion 
Qrlfiee Kroslon 

11 was shown In Ref. :l that for given operating con- 
ditions the proper eliolce of cntiiode orifice dimension 
was necessary to minimize lip erosion and Insure long 
ealiiodc llfellme. It was fuidlier shown in Refs, 1 and 0 
that the use of a 0. 70- mm orifice with a ‘15° eliamfer 
eliminated tip erosion for emission currents up to 
15 amps. Tims, this orifice was used for all the main 
cathodes wlileh operated at emission currents of 10 amps 
or more. No nollcoable change In orifice dimension vvas 
observed in file cathodes for rtms even ns long ns 18 000 
.lours. This Is shown in the photomicrograph of figure 2 
talcen of cathode 2 nm at 12 amps emission for 10 COO 
liours. The tip orifice Is still 0. 7U mm in diameter. 

For the neutralizer (cathode 4) run for 15 000 hours 
there was a slight increase in orifice size. Figure 3 
shows tile Increase in orifice dimension as a function of 
time for cathode 4. wlilch was inn at 2 amps emission 
current and 530 mA keeper current. An clastic mold 
impression was taken of tlio orifice at 8B00 hours .and a 
photomicrograph at 15 000 hours. Tliere was a linear 
increase in orifieo size increasing h'om 0,40 initially to 
0.48 mm at 15 000 hours. This change in orifice dimen- 
sion of the neutralizer cathode, as will be shown later, 
did not affect its peiTormmice In a bell jar. 

Cathodes and Low Work Function Inserts 

As pointed out by Hef. 5 the •mechanisms which con- 


trol the operation of hollow cathodes are not well laiown, 
lloferc.aec tl oi>ci“iled calliodes without low work funellon 
material end found such etiU)ode.s lun’d .slarUiig whii very 
high flow rciiulrements. if was further shown by many 
e.siicrlmeaters*^’ '*• *'• tliat high voltages, hlglt teinpcr- 
alurijs, and liigh mcreiiiy flows occurred during sloady 
State spot mode 0|>ei-.4lon WHIi no low work funelian ma- 
terial present. Tlv se fimllUoim can lead to sliort cath- 
ode lifetime. ^‘*' **' F»r' tsanijde, lief. 7 found that Up 
erosion niles of B-em lentralfzers operating with no In- 
sorts or emissive mixture Inereased by two ordcr.s of 
magnitude. 

'I’lie availability of loiv work funeliun ni Aerial in the 
calliode l.s necessary to obtain satisfactory catliode por- 
formanec. A sufficient supply of low work fimellon mate- 
rial Is necessary to Initiate and sustain a calhode dls- 
chiiuge at low> Iseepor vollages. *'** Reference 8 showed 
that a low cathode keeper voUtige Is an Important param- 
eler In achieving efficient Umisler operallon. With a 
lixed {lisehargo veluige In a tliruslcr a low entliodc keeijur 
voltage Increases the available energj' In the discharge 
for propellimt ionization, and hence, leads to incrcasei! 
jiropellant utilization. 

Rel'crenee !! also showed tlial tlie amount of low work 
fimei’on material Is not as inii>ortant lo calliode reliabil- 
ity and lifelimi' as Us location in the catliode. Placing 
emissive mix (U-500) on rolled foil Inserts mid recessing 
tlie Inserts from till entliode tip allowed flic low work 
function muterial to run at a cool lociilton In the catliode 
and did Inorqasc llfellme. However, associated with a 
recessed insert is an Increase in keeper voltage. 
which as nienllonod. degrades thruster perforiii ince. 
Thus, tests were conducted on a variety of insert designs. 
Insert positions, and cathode coiiflgunition.s to reduce the 
performance penalty associated with recessed inserts, 
and still maintain long lifetimes. 

Rolled Foil Inserts 

Reference 3 reported a test of a 0. 70-mm stralght- 
tlirougii orifice calliode with a 1. 27-cm insert, recessed 
1.9 cm from the tip which ran from 3880 hours at 
1.5 amps emission with no noticeable ehmige In perform- 
ance. Tlowever, because of the recessed insert position, 
an unacceptable keeper voltage for 30 cm thruster oper- 
ation was e.xperienoed. Thus two tests were run concur- 
r’cntly with Identical inserts, located 0.95 cm from the 
tip (half the I'ecossed distance of the Ref. 3 38S0-hr 
cathode), but pbiced in catliode eonCiguratloiis tliat were 
not thermally identical. Catliode 1 had no radiation tin 
to cool Uic tip, Willie cathode 2, had a radiation Clti, with 
a collar to extend the radiating area (see fig. 1), 

Cathode 1 was run in a bell jar with a collector 
current of 12 amps, a keeper current of 300 niA, and 
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nn wiuiviiii«nl tls flow of nO mA {Keo ’I’ablo IK). 'I'wo 
tiicrmocouplua wore usetl to monitor lompeniture, one 
ill the cailiotlc lip imd one Isuliiml the flnmu sprayed 
heiiler (l. b' em from Uie Up). The U)) thennoeouplc be- 
eame InopontUve aftor DOO liour.s. To InitbiUs a ells- 
cbtirije, only !M watts of tip power was needed to obtain 
a tip tciniierainre of 1055° C, a temperaUire that was 
UplCiilly repulred. 

<Uter llie diseimrde was ost^lbt!sl 1 cd the tip heater 
was tnnied off. and the Iteepur and collector voltages 
and tliermoeouple readings were recorded ns a lunelloa 
of time (fig. •!). 

As was typical of oilier 11-300 coated rolled toil in- 
serts. the values of keeper and collector voltage tii- 
ereased, after a ualliode had been run for ..bout 20 liours. 
This was Inleipretcd to mean that during iireheat and 
Initial startup an e.scess of low work function material 
was released, rrom figure d it can he seen that the lip 
temperature during operation was M50° C and the tem- 
perature belilnd the ti)) heater 1DS0° C. (These temper- 
ature values are also ahown In Table HI. ) After 
700 boors the keopei' niid collector voltages began to 
rise, indicating depletion of low work tnncUon material 
has already begun. In addition, after nine restarts and 
I.H50 liours. cathode 1 would not relight and tile teat was 
tern'll iiatcd. 

"athode 2 was of the same configuration (Insert, 
position, tliermoeouple locations, radiation shielding, 
etc. ) except It had a radiation fin with a collar. Be- 
cause of the collar- radiation fin a total of 00 watts of 
tip power was reciuired to initiate a discharge (tip tem- 
perature = 1055° C). Subsequent restarts required less 
power, 00 watts, because the tip temperature needed to 
initiate a discharge was lower (020° C). 

The total test time of this cjitiiodo was 10 GOO hours 
The plots of keeper and collector voltage, as a function 
of time are .shown in figure 5. The cathode was re- 
started SO times at random bitervals. The life of this 
cathode can be divided Into four regions. In region 1 
(first 0500 hr) the collector and keeper currents were 
kept at 12 amps (spot mode) and 200 mA, respectively, 
with an equivalent fig flow of 170 mA, In this time per- 
iod the keeper voltage rose from 8,5 to 10 volts at 
200 hours mid remained at 10 volts until 0400 liours. 

The cathode Lip temperature remained at tm average of 
925° C .and the thermocouple on the cathode 1.0 cm 
from the tip remabicd at 825° C. in this lime period 
(0400 hi') the cathode relighted easEy 19 tiine.s at the 
same Up temperature and there were no changes bi 
keeper voltage, indicating that tlio low work function 
material (Insert) was encasetl in a cool cathode region. 
The tip heater resistance was monitored periodically 
during the tests and the cold vesisttine- (as measured 


With a Whe.iistor.c bridge) (U. 9C oltai) did not dtaiigc 
during Uils tii-si 1)400 hours. At G417 hours (region 2) 
Uiert tvas a facIliLy failure and a thin film of oil wa.s 
spread all over the bell Jat and the euthodc Itself, The 
ti,p healer hot l■e.s!slJmee after the bull lar raiiure was 
lower. Also tlic powei' needed to get Uie tip lerapei’a- 
lure Up to 1)20° C liicreased to 8.5 watts imiiealing ii 
change in the oplleal radiation .uperllcs of the eiilhode 
ami eatliodc Up (higher emilUince). The cathode r“- 
ligllled, hut at a Up lemparalure of J0;i0° C, and Itic 
keeper and collector voltages incrca.sed U> 12 and 
17 volus, respecUvely. A corresponding rise in Up ami 
cathode temperature accompanied tlie voltage ineronscs. 
Tills increase in lemiicraturu was probably due to a 
combination oi a lack of sufficient low work function 
mate rial or .a poi.«oning by the oil. A relight at 8200 
hours reduced the volUiges and temperature. Between 
8500 and 0000 hours, a aeries of bell jar fallure-s (simi- 
lar to llie one at 0400 hr) further changed liie cliaracter- 
istiOB of the caliiodc. This is considered region 2. The 
name sprayed heater lead broke off at 9000 hours and a 
new beater lead placed on die beater failed to impi'ove 
the heater. A pulsed start was ncccs.sary to relight 
the eatlmdc at 9000 hours. From 9000 hours until llie 
teat was terminated at 10 000 liours. the cathode was 
run at 10 amps emission Current (instead of tile prior 
12 amps) to match tlie cnEsslon current in the operalbig 
20 cm engineering model thrusters. At 10 000 hours 
the cathode was removed to replace the tip Iieator. and 
in Uie process of placing a new tip heater on the cathode 
the cathode Itself broke Into two pieces. 

Shown in figure 6 are tlie temperature levels of 
calliodes 1 imd 2 as a function of emission current. 

This data was talten with no lip heater power and before 
any degradation in performance level. Adding a radia- 
tion fin lowers the temperature levels at the Up and be- 
hind Uie tip heater at all emission current levels. In 
addition Uie temperature levels are less sensitive to 
emission current for the cathode design with a radiation 
fin. This feature is desirable. Cor 30- cm Ug thrusters 
are required to operate at throttled current eoiidiUons, 
and as will be shown later, i'. Is desirable to oper te 
c.aUiodes within a limited tep'.peraturo range. -Also, as 
was noted by the shortened lifetime of caUiode 1. higli 
temperature levels lead to rapid low work function de- 
pletion and shortened lifetime. For cathode 2. with the 
radiation fin, ends Sion current levels of 15 amps seem 
to h.-ive suCficieEtly low temperatures (9S0° C at tlie tip, 
850° C 1.9 cm from the tip) to assure prolonged life- 
time. 

rmyiregnated Inserts 

A test was started wiUi an Impregnated insert, in 
cathode 3, a configuration identical to catliode 2. Tne 


inaci’t (iJ. 5*^ hy 0. MB- by 0, 25 cm) w«s alKO reccHHcd 
from the ciilhodc Up 0.1)5 cm iimi elejlrleally attached to 
the ctiUiodu witli 0. 51 inin (20 mil) 'fa wire. Tliis eull)- 
odc 0 wtia part of a cathode- iaointor vaporizer teat that 
ia described in more dotail In Uef. 10. To initiate a 
diaL<mr)>e a|)proxlmatoly 95 watts was applied to tine Up 
licatur. Once a dtscliarge was olitalned tlie tip Iteatcr 
was Umied off. The discliarKe was kept in the spot mode 
at ill! Dt(idvalent mass flow 140 niA raid for tlie first 2100 
lioiirs the collector current was held at 12 amps. The 
keeper current was set at 500 n>A tliroui;hout the test. 

A idot of the kcepei’ and collector voltaccB as a function 
of time arc shown In fltmre 7. To sec if a lower collec- 
! jr current had iui adverse effect on cathode Ufotime the 
current was reduced at 0000 hours to 7 amps endsslon 
fo!’ the ne.N-t 1000 hours. This did not lead to any degra- 
dation trend. At >1000 Iiours the emission current was 
raised lo 10 amps. At 5500 liours Ulc emission current 
level was raised lo 10. (S ;imps (in line wlUi (he EMT 
cmfsEion euiTcnl level at full thruster), At aSOO 
hours the u.\perlment was shut down for 2 months due lo 
facility limitations and Die C-IV aasenibiy was e.Npose«l 
lo 1 atmosphere (summer of '75). As can be seen from 
the figure, tlds e-sposure and storage did not siffect die 
performimee level or lifetime. This cathode 5 conCIgti- 
rntion has been restarted 48 times at a Up temperature 
ot approximately 1025° C. The original flame sprayed 
Up heater failed at 81150 hours and a new swaged healer, 
plitcetl parallel to the tube itxls. was Installed and nt- 
talnod an Initial startup tip temperature of 1025° C. Al- 
though not shown on figure 7. the Up temperature during 
operation was around 960° C, a little Iilgiicr tlian that ol 
cathode 2. However, becau.se of different Ihermal envi- 
ronment configurations, it is difficult to account for 
temperature differences between an impregnated and 
rolled foil insert catliode. Tile keeper voltages, which 
can be compared (similar keeper .and keeper distances) 
ivere approximately the same (*->10 V). 

As sliown in figure 7. tljerc was little or no disccni- 
ible change in Iteeper voltage at a given emission current 
level. Tliis calliodo 3 lias operated for a tot.al of 18 000 
hours (as of August 1970), fa still running, and shows no 
signs of changing performance level. 

An impregnated Insert (2. 54-cm long. 0, 55-cm o. d„ 
0. 2S-cm i. d. ) was placed in catliode 4 and was recessed 
1. 25 cm from tlio tip. The neutralizer- type cathode 
with a 0 . 40-mm diameter orifice was run in a bell jar at 
2 amps emission current to a collector and 580 nu\ to 
the keeper. Siiorni in figure 8 Is a plot of keeper and 
collector voltages, and tip and cathode (belitnd lieater) 
temperatures as a function of time. The test operated 
for 15 000 liours at nearly constant keeper/collector 
voltages and tip temperatures. At 14 080 hours a facil- 
ity pressure rise caused a small crack in the catliode Up 


and the lust was lurminuted 920 hours laicr. 'I1ic caUi- 
ode was ran with Uie Insert reccssod for Ihc first HiOO 
iionrs. UmiHiially high keeper and colluclnr volUigcs (19 
and 10.5 V, respectively) were iiHSoelJilcd wllli tlie re- 
cessed iinprugnaled inserl. Tliese veil, age levels led to 
hhii Up mid catliode lube temperatures, it was decided 
at HiOO hours to move tlic Insert up to tlic t!]i lo measure 
the effeel of insert poslUoii on keeper imd collector volt- 
ages and temperature levels. This move resulted In de- 
creases in tlie baseline kce|)cr and collccloi' voltages to 
M and 15 volts, respoellvcly (fig. 6). The drop In volt- 
age lev'els reduced the tip teinperalure and catliode tcin- 
))crature beliliid tlie 0. 95-em swaged healer to £30° and 
550° C, respccUvely (data read at 2000 hr). The liuae- 
line keeper and collector voltages for tlie tmprognated 
Insert located at the Up of cathode >1 are tlie same as that 
for the 1,27-cin rcce-ssed rolled foil Insert neutralizer 
reported in Hef. 3. (See fig. 8 ot Ref. 3.) This |irol>- 
ably inemis that the rati: of low work function material 
dispensation for llio two different catliode configurations 
are simflar. Cathode •! was inni for a total of 15 000 
hours and survived a total of nbie facility fnllarcs. 
l\)IntS“in-timc at which the f.aelUty failed arc indicated 
by an X on ftgure S. 

iU'tcr a facility failure there was a change in keeper 
and collector voltage levels. However, even aflcr nine 
facility failures the keeper and collector voltages at 
15 OOC hours were the same as at 10 000 hours running 
time. At .14 080 hours a blown fuse In the power panel 
(another facility failure) allowed the hot cathode to be 
exposed to a few microns of pressure. Subsequently, it 
was observed Uiat to keep tlic cathode In the spot mode 
;m increase in mass flow was necessary. A crack had 
developed in the side of the cathode at a point wliere the 
eatliode Up wus clccti-on beam welded to the cathode. 

Upon removal of the cathode at 15 000 hours this crack 
Wits clearly visible .*md Is shown In figure 9. The test 
was terminated .at 15 000 hours. It is fell Unit the expo- 
sure of the hot catliode to a few microns of pressure 
caused the crack. 

The success of iieut>'ayzcr catliode 4 and the tlirus- 
ter performance penalt/ aE'.’«ciated with a recessed im- 
pregnated Insert'®^ led to a decision it. Ilfs test cathode 5. 
a main cathode, with a flush Insert. Gathodo 5 Wa.s 0 |)cr- 
ated the flr.sl 70 hours for coinparaUve purposes with the 
Insert recessed, to obtain voltage and temperature levels 
at die recessed Insert position. At 70 hours the insert 
was moved flush to the tip. Sliouai in figure 10 is a plot 
of cathode 5 keeper and collector voltage. Up tempera- 
ture, and cathode temperature bolilnd tlie heater as a 
function of Hg mass flow for the two insert positions at a 
keeper current of 600 mA and collector current of 10. G 
amps, 'flic radiation fin In on EMT cathode does not 
have a collar and hence has less radiating area than that 
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of CiiUiodes 2 iiiul 2. Thus, til tJia same emission cur- 
rent levels, cailiotlo 5, with a recessed insert 0.03 cm 
rroni the tip, ran at a hti^ier tip temperature limn catli- 
ode 2 or 3 (compare tigs, 0 and iO). 

I'rom rigure 10 It ctm be seen Uml the recessed In- 
sert iiicreuBes both Itooper and cotleelor voltages, Up 
niul cathode temperatures at all mass Clotv rates. This 
behavior was similar to tliiit observed In a thruster, 
Tcinpcralurea of the Up anil cathode lube for both Insert 
positions were nearly Independent of nmsH flotv nite as 
11 was varied from 130 to 230 inA. Moving the insert up 
to the Up, beside causing reductions in keeper and eol- 
loctor voltage, also reduces the calhodo lemiicralure 
levels. I'lgure 11 shows the tempt. 'ture distribution 
profile of oalliocle 5 with two insert positions at an 
equivalent mass flow of IdO inA. Moving the insert to 
the Up caused a drop In temperature of 160° C at Uie Up 
and at the C- A thermoeouplo (behind the healer) of ap- 
proximately 326° G. As of July 31, 197(1 cathode 5 has 
opcralcd for 3(100 hours .at an 00*1851011 current of 10. (5 
amps and has e.shlbitcd no degradatlori trends. 

Insert 'reiiiiieraturu Measurement 

As tUscussed previously, the thruster perforraimee 
is Improved with an Impregnated Insert located at the 
tip. Moving Uie insert up to the Up, as In cathode 5, did 
eiuiSc a drop In the cathode Up temperature. However, 
tlie actual insert temperature change was not measured. 
To measure the Insert temperature iuid evaluate Its life- 
time potentlul. an Identical insert and cathode similar to 
cathode 5 was used. As shown in the sketch of cathode 6 
in figure 12, a hole (0. 15 cm) was drilled in the side of 
the cathode tube 0, 23 cm from the Up upstream face. 

A PtHh thermocouple was spot welded to the outside 
surface of tlie Insert. Ab,Oy beading prevented tlic 
thermocouple from shorting or reading tlie lube wall 
temperatures. Tlie bisert was placed at the tube Up and 
was electrically connected to Uie tube. Thermocouples 
were also placed on the Up .and behind Uie Up heater. 
During preheat It was necessary to talvo the Up tempera- 
ture to 1000° C with a corresponding insert temperature 
of 1030° C to Initiate a disdiarge. After a discharge 
(Jj. = iO. C A, J|^ = 500 mA) vvas initiated and the Up 
heater power turned off, the temperature profile shown 
by the open symbols was obtained. As showm by tlie open 
symbols. Uie Up ran at 940° C while the insert ran hot- 
ter. at 1000° C. 

The hole In the cathode for the insert thermocouple 
was sealed and the insert was recessed 0.G3 cm from 
the tip, A new hole was drilled 0. 8G cm from the tip 
and the tip heater and CA Uiermocouple moved back 
0, (i3 cm and the Insert thermocouple reattached. Ttie 
thermal profile for this configuration is shown by the 
solid symbols of figure 12 and Indicates tliat the catliode 


tip temperature and Uie temperature behind Uic healer 
arc lialtcr than corresiwndlng euUiude Icniperalurcb with 
tlic Iiiseii at the Up, Both of these c-vleiiKil Ihcrmocou- 
plu readings are consiHtcnl with those of caUiode 6, 
shown in figure 11, Willi die Insert recessed 0,C:i cm 
the Insert leniporaturc (7G0° C) i*un.s cooler than the lip 
tenipcrnturc (1120° C), even Uiough Uie calhodo tube 
Icmperoiiirus jiartlally surrounding the Insert are 
warmer than the insert. Thus, for Uie insert poslUon 
selected an liuprcgiiatud inaeil ran cooler (-310° C) 
than one located at the Up. UUL, with the Insert at Uio 
Up, this relatively lilgli Insert temperature, does not ap- 
pear to be too higli to Impose a lll'eUme constraint during 
cathode operation of 15 000 hours. This will be shown In 
the next section. 

The temperature trends indicated by cathode (> seem 
to shed some light on the predominant source of the 
emission meehanism involved in Sustaiutiig a discharge 
current. With the insert recessed from the lip, it would 
appear that the amount of available lew work funetion 
material at the Up was limited and caused a hlglier dls- 
olinrgc voltage. Higher U|i lomperatiiros were necessary 
to supply Uio electrons needed to sustain the discharge. 
Moving the insert against the Up allowed the cathode to 
run cooler (lower keeper and collector voltage, sue 
fig. 10) since now tlie large source of low woi’h funellun 
material available from the Insert is being used to sus- 
tain the discharge. WlUi llie insert against tlie tip the 
source of electrons appears to be the insert, more so 
than Uie catliode, and these electrons cause a local In- 
crcEiKc in plasma density, a higlier rate of surface Ion 
bombardment, and an increase In Insert temperature. 

Theoretical Lifetime of Hollow Cathode Inserts 

This section of Oie paper will describe the tlieory of 
liollow cathode Insert operation and the factors that might 
control its lifetime. The insert Ijiies discussed are 
H-.500-coated tanUilum foll^'*’'^^ and barium-aiumhiate- 
impregnated porous tungsten^ (Semlcon, type S4-S). 
The first part of tlie discussion will cover areas that 
apply to each type of Insert, then each insert type wilt be 
discussed individually in detail. 

The insert, when heated, undergoes a chemical re- 
acUon and produces barium or barium o.xide vapor. 

This vapor is dispensed to the insert surface and other 
interior surfaces of Uie hollow catliode. Reference 12 
Indicates that for good caUiode operation, emission 
sliQuld occur from the insert as well as from the caUiode 
Up. The dispensed barium Is absorbed by tlie surfaces, 
thus reducing Uie electron work function .and enhancing 
surface electron emission. As the absorbed barium is 
constantly being lost from the surface by reevaporatioii 
and ion bombardment, it must continually be replaced by 
Use barium dispensing insert. The end-of-li£e (EOL) of 
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Ihf iiiHcil |H (IcritU'il :iM thi' |Milnl uhrri' llu' 

Ixirluni (:iilili'il to Iho ui'tlv:ilf<l xurfui'c) Ih U'HH than thf 
iKirlum loM from the :u-Uv:ili-<l Murface. A fully urli- 
vatial surfacv Is urnrrallt Kiouuhl* to contain a com- 
lilctc monolayer co\crattc of Uiriuni atoms or i> I.U, 
ulicrc » is the monolayer fraction of Isirlum. Suffl- 
cicnl actixation of thi- surface to priMiuce satlsfaclory 
electron emission may exist at values of ii as Ion as 
II. t. 


If ;m Insert is ofs-rated at temiH’ratcres that arc too 
hl(jli. excess isirium Is iils|x'nse<l. a is greater than 1. ti 
anil tile i-xeess i|uicklv eva|s>rr«tes from tile eathmle siir- 
laces. SInei- the total amount of liarium in the Insert Is 
fixeil. hlitli Insert tem|K-ratures nlll lead to early ex- 
haustion of barium and short catlusle Iltetimes, If an 
insert is operated at temix-ratures that are too Ion. In- 
sulfieient iKirium is dispenstil to replace that lost by 
surface evaporation or ion Isimliardmenl. and tiie sur- 
face iK-comes insulficienlly activated to provide adei|uate 
emission. The sketches Ix'tovv indicate the rate of bari- 
um dispensed with time for optimum. hi(di, :uid Ion in- 
sert temperature levels. In each case, the cathode sur- 
face is .issumed at the same temperature level, ;md thus 
the same amount of barium is needed to replace that lost 
l)V eya|>oratlon. 

The intecral area under each curve represents the 
total barium dispensed by the Insert and is assumed the 
same for each sketch. 



(a) Optimum tem.ier.iture. 



Ti me 

(b) Teniiicrature t<» hiuh. 



i'lme 

(c) Tem|s-rature tisi Ion. 

The optimum lem|M'rature ol each Insert oepersls 
upon its ilesiKli (choice of chemieal reaction to prixhice 
liatium) and the desired aetivation stale of the cathisle 
(level of reifuired emission). I'iKUix’ I'l indicates the 
optimum Insert tem|K-raturc to achieve maximum life 
for each Insert tvix'. To the left of the optimum tem(K r- 
ature. the Insert Is Usitisd and imused liarium remains 
in the insert at KOI. (as shown bv sketcli le)). Curve (I) 
of flijure i;i is an Idc.il inse’S liletimc and is liased on 
the assumptions that there is no excess rail- of barium 
disperseil from the Insert, or is there anv barium ri - 
mainiUK in the insert at KOI.. These assum|)tion« ari' 
equivalent to the sketch lieUin; 


.Seetk'd to maiiiiain 
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In 
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barium in inseit 



KOI. 

Time ► 

(d) Ideal insert. 


From LTjrve (2) of flimix' 12 (Impretmated insert cuiae) 
the maximum llfctim ■ of near 100 000 hours is predicted 
at 9."i0° C. If a norkint; llfctim • of only .'10 OOD hours is 
required, however, the insert operatinj; tem.ieraiure 
may be in the ranite af sso” to 1 100° C. The assump- 
tions involved in caleulatintt the imiireenated Insert 
curve of fiijure 13 are; (1) tiie minimum loss rate of 
barium equals the rate evaporating to vacuum from the 
Insert surface when covered with 0. I fraction m nolaver 
barium, (2) the rate of Ixirium production as a func- 
tion of temperature and reaction (operatint;) time is 
ttiven by the data of Hef. l i; and (.1) the liarium apor, 
once evaporated from the surface, does not return. The 
fllfure 13 curve for the H-.'iOO, rolled-tantalum ^oll In- 
sert is cstlmitcd by the authors and Is IxiseJ on a hl|;her 
chemical reaction rate of the liarium oxide 'tantalum 'e- 
action of the foil inseit than that of the barium .ilumlnate/ 
tungsten reaction of the Impregnated insert. 
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Kor coinpiU'tsnn of flKi.ro J3 irltli cmtvcnlloiial (call* 
odo ill liartl vacmiiii) cathotlo oponuion, improKiiatcd- 
t_V||iu c’iiDunloy Lyptcally opornto at 1100*^ C and art! acU- 
vatctl for purlotia Icsa than 1 liuiir at C. Qxlda 
oathodos (i, o. , ftiO on ntckcl) opornto at 700° C for Iodk 
lifo (10*'’ 111 ') or S00“ C for iwniul lifo (10“’ hr), and aro 
hriofly aotlvatcd at U0l)“ C. 'fho !i-rt00 tnnlalam foil 
iiiMort (laaiKii uoiUaina :i layer of BuO appraNlmatoIy 
Id llmrH (hIcUer than a eonveiUional oxide cathode. 

This tlileker layer Is necessary to kIvo an adec|uale life 
v.dili the higher rale lantalinn- llaO reaction. 

Kaeh insert tynw will now be discussed individually 
to doaerlhe In detail tlie tyjie of chemical reactions 
evolvcil ami factors which may influence Ihe rate of tliese 
reactions and hence the lifetinie of the insert. 


Railed- Foil Insert 

The R-500-eoatcd tantalum rolled foil insert is not 
one of the standard or conventional ositio cathodes usu- 


ally nuniifactured 


(15) 


K was invented to meet the re- 


(lUlrcmints for hollow eatliode operation In the SEIIT II 
nigiil Itiriislcr program. Many life tests have been 
completed with this type of insert and llfetiincs up to 
30 out) hours have bcea recorded. The cathodes 

on the two SERT II fllglit thrusters still function normal- 
ly ti years after launch. The tlieoiy of operation of 
rolled- foil Inserts lias been discussed previously, 
and lifetime predictions have been made for a Uiaitcd 
r.inge of operation. Estimation of rolled-toll Insert llfe- 
tlnias over an exiended range of temperature may be 
prccHclcd using the following reactions; 


3BiiO(s) + 2Ta(s) = Ta,0-(s) Da(g) t 


( 1 ) 


BaO(s) r. BaO(g) t (2) 

The equilibrium vapor pressure of barium »-as as a func- 
tion af reaction temperature for reaction ( 1 ) is given in 
Ref. 20 and has I een reolotted In figure 1<1. Also plotted 
in figure 14 are vapor pressure curves for evaporation 
of BaO, reaction (2), and other reactions that will be 
discussed in the section on impregnated inserts. 

Reactions (1) and (2) are equilibriuni reactions and 
the rate of consumption of the reactants (left side of re- 
action) will be aero If the vajjor pressure of tlie gaseous 
product (right side of reaction) Is equal to or greater 
than the pressure value of tlse curve. The rate of con- 
sumption can be estimated by how fast the gaseous 
product is removed from the reaction. It c:m be seen 
from figure 14 that for a given temperature, reaction (1) 
will cause barium to be consumed at a rate tliat is .about 
25 orders of magnitude faster than reaction (2), Reac- 
tion ( 1 ) will dominate early in life w.hen there is physical 
contact between BaO and Ta. After Initial reactions. 


liowevcr, voids will dcvelup In Uia DaO/Tu interface ami 
llie BaO must uviqiorale to rtacli Ihe Tn before reaction 
(1) can praceed. Therefore, tlie rale controlling roae- 
lion for mo.4t of tlie insert tlfelinn! will be reaction (2) in- 
stead or reaction (1). (Note Hint the vapor prta.sure of 
Ta is so low (less than 11*“’’*'^ lorr) at tlie temperatures 
of fig, 14, Uiut it Is negligible. ) As soon iis llie evapo- 
rated UaG reacliua tlie ‘fn surface, reaction (1) will em- 
vert It to Ba, mid it will be dispensed frum the Insert. 
E(|utlii)rium liquld-gaS Ba vapor pressure is four orders 
of magnitude higiier than tin. vapor pressure of Ba pro- 
duced by reaction (1). Tlierefore, the Ba vu|iur pi*odueed 
by renolion (1) will escape frcolv u.xeept for a small quan- 
tity in a liglitly sidsorlietl Burfnee monolayer. 

As an e.xample of the use of tliese reactions, con- 
sider reaction (2) at 1100® and 1200® C. TTie vapor 
pressure of BaO is approxiniatcly 10 times greater at 
the liiglier temperature, the consumption ol BaO would 
be also 10 times greater, and llio Insert lifo would be 
1/10 of Hint Itfetime at llie lower lcin,jurat«re. The 
rolled-foil insert design will provide for 15 OdO-liour 
cathode lifelim.-s when used at the correct (1. e. . 1 100® C 
or less) operating iciiiperalure. The relative open de- 
sign of llie I'oll foil and tile use o“' llie highly renetlve T‘:i 
to reduce the BaO, results in a di.spenser capable of pro- 
dnciiig relatively lav'c quantities of linrium s.t a lower 
tem,jerature ilian for the iinprcgaatcd Insert design. 

Tluis, for tlmisters whose cathodes operate at cool tern- 
peratiires, such as ihe 8 -cm diameter thruster, ' ' the 
rolled foil Insert is im appropriaie choice. The hO-em 
diameter Umister with w.irm«.r cailiodes, Imwevor, may 
liave short insert litctlincs. ns indicated by cathode 1 in 
Table I. T'o increase the insert life, the catinde may be 
cooled by adding a radiation cooling tin and collar to Uie 
cathode tip. Such a design operated for 10 fiOO lioui'S 
(entiiode 2 in Talile 2), Tlie disudvimtnge of a cooling fin 
on tlie tip is tiiat increased healer power Is then required 
to bring the catliodo up to starting temperature. Healer 
lifelir.il- becomes a problem, and there is Inci'cascd de- 
mand on the Un-uster power processing. Larger destgdi 
m irgiii probably can be achieved if an insert with a lower 
Ba reaction rate is used. Such an insert is the ira.>rcg- 
nated type dlscus-sed next. 

Impregnat e d Insert 

The porous- tungsten impregnated insert (type 64-S) 
tested and tiicoretically descrilied herein, oparates in 
general as does the roHed-foIl insert. The ninjor dif- 
ferences aretn ‘die physical construction and In tlie 
chemical reactions used to produce barium Several re- 
actions between the barium aluminato impreE 3 i.ite and the 

(|>n 

]jorous tungsten of tjxie S4-S material are possible. 

The most likely reaction^^^^ is: 
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2Ba.,Al,Og(S) + W(S) s BaWO^(S) + 2Ba,\l20j(S) + 3B[i(u) 

<3> 


Tlie oqutUbrlum vapor preaauro for reaction {;>) us a 
function of temperature Is plotted on tipaire M. tt reac- 
tion (3) wore the only reaction that takes place, it is soon 
tiwt only lialf of the barium aluminato (Ba.jAl^Og) put in 
the Insert can bo converted to free Ba and be useful for 
activation of the cathode. The other half remains in the 
Insert as BaWO j and BaAlgO^ and is unavailable to pro- 
duce free barium. Because of other possible reactions 
and specific operatlnB temperatures or conditions, cath- 
odes or inserts made of impregnated porous tungsten 
mav bo capable of dispensing between i/3 imd 2/3 frac- 
tion of total barium impregnated, ^ ' In addition, 

operating inserts do not emit a constant dispensed rate 
of barium with time as might bo implied from reaction 
(3), but rather emit a hl(^i initial rate followed by a time 
decaying rate as shown earlier in sketch (a). la scale 
is shown on the sketch because the magnihidc of the dis- 
pensed rate Is dependent on the operating temperature 
level. The EOL occurs when tho Intcgnatcd area under 
the curve equals the total barium availablo, 

A model to represent tlie dispensing of barium with 
time can be described with the help of sketch (o) which 
is a cross section through a porous tungsten impregnated 
insert. 
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Sketch (c) 

Reaction (3) proceeds in the pockets containing 
barium aluminate. Barium vapor is produced locjilly at 
a pressure predicted as a function of temperature by 
curve 3 of figure 14. Tho local barium vapor must flow 
through the pores before reaching me surface. This 
flow results in a pressure or concentration drop which 
increases with time because the barium must flow from 
deeper within the porous material as the barium alumi- 
nate near the surface becomes depleted. This depletion 
causes the dispensed barium rate to decrease with time 
for a constant temperature. 

Because barium has a high vapor pressure relative 


to the equilibrium barium pressure of reaction <3), any 
excess barium over one monolayer at the surfuce will 
evaporate quickly (represented by m 2 in sketch (a) or 
(c)). In addition to :uiy excess barium evaporation, 
there is also barium evaporation fi'um tlie barium mono- 
layer. This barium loss Is re[iresenled by nij and is 11 
function of temporalure, 'nic evaporation of barium 
from a monolayer has been determined to be a function 
of the monolayer fraction eov<irage. The EOL of the 
insert occurs when the disfa-nsed ral(‘ falls below ihj 
evaporated from tliat surface needed to sustain satisfac- 
tory activation or emission, Ba vapor, itijj, reflected 
from nearby waits, may add Uu to the surface and extend 
the Inscil. life, Tlie effect of rcflocled Ba vapor on in- 
sert life wdll 1)0 illscussed later. 

bi tills paragraph, insert dispensing i-atea into vac- 
uum will be computed for various operating lomperalures 
between lO.'iO® and 1227“ C using measured data of 
Kef, 14. The vacuum dispensed r.'ite is presented a.s 
vapor pressure of barium (leaving tlie insert surface) as 
a function of operating time and Is plotted in figure 1C 
for four temperatures. TIic EOL bars at the end of each 
curve were calculated by integrating tlie total liarium 
dispunsed and comparing this value with the amoimt of 
barium aluminate In the 30-cm EMT design im])regnatcd 
insert. The EOL Was tlic point when the integrated dis- 
pensed value equalled one-IinU of the total barium im- 
pregnated, The half value was calculated from measured 
mass of impregnate and was 0,0105 gm per cm“ of in- 
sert surface area, (The mass of barium aluminate im- 
pregnate was 0. 22 gm and the Insert surface area, 7. 60 
cm^, ) 

As indicated in figure 15, higjicr operating temper- 
aturos produce more barium, but shorter lifetime, as 
indicated by tho EOL bars at the rigjit-end of the curves. 
The EOL ranged from about 10® Iiours at 1050“ C to only 
lO® hours at 1300° C, (The data of Ref. 14 was extended 
to longer operating times by plotting the log of tho evap- 
oration rate (vapor pressure) against the log of time and 
making an extrapolation of tho curve. The data of fig- 
ure 5 In Ref, 14 was extended to 1300° C by a linear ex- 
trapolation of lower temperature data. ) Comparing the 
computed evaporation rates of figure 15 with the theoret- 
ical vapor pressure of reaction (3), shows that reaction 
(3) gives a higher vapor pressure than figure 13 and that 
the dlffcrcnco magnitude increases with time in accord 
with the depletion model presented earlier. 

In order to relate the Ba vapor pressure values of 
figure 15 with Ba loss rates from Ba- monolayer covered 
surfaces, figure 16 was prepared Figure 16 is a cross- 
plot of figure 15 and also includes curves for Ba evapo- 
ratlon^^®^ from Ba surfaces with 0 = 0. 4 and 0 - 1. 0. 

In addition, reaction (3) from figure 14 is replottcd so 
that three Ba rates can be compared together. Because 
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tht; lia dlsiieiisutl rate deereaauil '.vitli dli pciiactl 

rale cui-ves are ahowi for varioius tinw liitervala. A 
well-acUviilC'd surface^*®^ liaa Ua covernge between 
I) - !). 1 luid OS' 1,0, nltlmugli emission below ««=u,‘l 
Is possible, Ba in exeess of one monolayer, 0 > 1, 0, 
iluIcUly eviiiK! rales at Us normal vnjwr pressure wiiieh 
is eight urilers of miignllnde greater tiuui that leaving a 
siirfaee with 0 ~ 1.0. It uan be seen from figure 10, 
that Ibere Is seUlofu enough bariiym produceil lu obtain 
eoniplele surface coverage (0 I) and the best aetlvation 
stale. Alav', the valae of 0 will decrease with lime at 
constant Lem]ieraturc. 

The next stejj Is to compare the dispensed rate of 
barium with toss rales from cathode surfaces th the ac- 
tual eii\1ronment of the catiiode geometry. In prior sce- 
ttons ti,‘! i-sites were tllscussed for loss directly to vac- 
luim, ar,^ ‘*'ls rate probably rein'esents a high limit of 
the loss rate ami hence a pcsBimIsUc (short) Insert life- 
time, In the actual environment, the eonfliilng Eeomelrj' 
of the cathode tube will tend to reflect Ba vaixir back to 
the insert surface. This reflected Ba vai»r will cause 
a higher equilibrium coneciitiatlon of Ba, both on the 
surface and Into the pores. Tlu« Ijcnoflcinl effee.i of dils 
reflected Ba could be two-fold. First, the surface will 
reach a higher state of activation due to the inoreasod 
Bii concentration, and the cathode operating tompernlure 
can be lower and still give tiie same emission. Secondly, 
any Ba vapor triiveling back into the pores will tend to 
raise the local Bu vaiJor pressure. 'Fills increase in tlie 
pores ill the site of reaction (3) will shift tlie equilibrium 
to the Icit and result In a slower rate of consumption ol 
the barium aluiniuatc Inipregnant. Botli tins effect and 
tile first will load to longer insert lifetimes. 

To quanttti'' ivoly estimate tiie increase in Insert 
lifetime requires the dev'eiopment of a Bn-flow model 
that estimates how tlic Ba vapor Is reflected and where 
It Is eventually lost. An opUitifotlc (bw) limit for Bn 
loss would be that Bit lost only througli Uic catliode ori- 
fice. 'Fhe pessimistic limit would be the vacuum loss 
rate and could occur if tlie Da Viipor condenses on near- 
by cool surfaces acting life a "cold-trap. " In the pres- 
ent EM 30-cm thruster calliode design, the uctuui bar- 
ium loss is probably between these hvo Uwits. The 
auOiors believe that most of the biaUim lost travels up- 
stream and possibly condenses near the vaporizer, a 
region of about ■iOO'’ C, 

At 300° C the equilibrium gas- solid vapor pres- 
sui-qIIS) of jg gxio”^ torn If the Ba I'cevaporates at 
tilt s value It would return at a sufficient rate (see fig. 10) 
to maintain fairly high cathode surface activation. Pre- 
dicting If the Ba will reevaporalc Is very sensitive to 
temperature and 300° C Is a pivotal point. Much hliijier, 
that is, 300° C, gives a Ba vapor pressure of 8j<:i0’‘*^torr 
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which represents n super nliundance of Ba. and much 
iower, lliat is, 200° C, gives 0i»10"^^ lorr, wliich repre- 
i,cnls insignificant amount of Ba. (If the Bu can iic pre- 
vented from pcrniantly condensing, a greatly cniianced 
insert life slteuld result. One design to !tccam|)llsh this 
would incoriiorate a flow re.sli'ietlon bafflc/orince inside 
the calhude tube between the isnlntor ami dm insert 
where the Icnipcraturc is >100° C.) 

Ever If no restricting bairie/oriflci. is in place, the 
naturcl geometry of the Insert inside Oie tube and llic 
length tf the tube Hself will lend lo restrict the u|islream 
floiv of Ua. 'file pressure drop associated with tids flew 
will eause a local eahancement of barium pressure and a 
favorable equilibrium shift in reuclioa (3). Galculatlng 
the exact flow conducllon pressure droj) lo tiie vaiiorizer 
I'ogton is dilfleull liecause of the eaUiodu tube- insert 
geometry. To "first ottier" the flow pressure drop will 
be low, hov;ovor, and the barium lo.ss processes may be 
close lo vacuum evajKirntlon If surfaces less than 300° C 
are present. 

Impreimatcd Insert Temperature .Measurements 

To predict lifetime margin requires mcaSurenicnls 
of actual Insert tempcralui'Cs and measurements of tlie 
effect of catliode geometry on local increases in Ba vajjor 
pressure wltli its subsequeul suppression of insert reac- 
tion rales. Measurement of the insert icmiwrature is 
difficult because of the confining size of the cathoce lube 
and tlie presence of ii gaseous discharge inside the tube. 
The drta of figure 12 are im early result of insert tem- 
perature measurements made on a main cathode for in- 
serts recessed and ffusli with tlie Up. Tiie forward 
placed insert operated at 1000° C while a recessed in- 
sert operated at only 750° C. The hlglior lenipcraturo 
Is near the tenipemture tiieorDtically predicted for max- 
imum lifetime. The recessed impregnated insert is at a 
low enougii temperature that poor cliemlcal activity will 
cause Insuffieient bai’luin production for normal ojierE- 
lion. 

The effect of cathode geometry on inlilbiting the loss 
rate of barium may be inferred Iiy tlic Inspection of the 
data of figure 17 which shows tlie loss rate from an EM 
design Impregnated insert measured after heating for 
1000 hours at constant temperature. Also sliown are 
two calculated curves. The lower curve predicts Uie 
bai’ium loss due to flow out Uirougli tlie neutralizer size 
tip orifice. The higher curve is for a loss rate of 
barium to vacuum as If the confining tube walls were ab- 
sent, Tlie Insert was placed inside a catliode tube with a 
30-cm EM design neutralizer tip (0.040-cm diam ori- 
fice) on one end and a solid cap on the otiier. The capped 
end of the tube was clamped in a 150° C heal sink block. 
Two different insert/tubes were heated at each tempera- 
ture, Tlie measured insert wels^it loss (presumably Ba) 


fnlU belwt!L>it two ciii'vu!), Thu itiitii laUu uIomui' tu the 
viicmim eviipuralimi curve ImlieiUhij; Ihnl u|}>n{neiiiit 
niuomilB of barium uvap,urntuU timl uoiiclunueil tu tiie areu 
ut' llie lieal fsinh at tlie ea>-')ULi end uf Utc t>lbe. This racl 
was eoitOrmed by vluiml j.bservultomi of tle[!OSlls (n Itits 
urea, altlioii)’!) nuaiilltatlve miulysit* verlftealtou was not 
cuuipletecl tU the time of tills ivrltlu|{> (The one low data 
liotiit at C Is asKunied to be unoiiialmis. 

Tlie results of these lusts hidleate that tit h!j;liur 
temperatures the tube waits may suppress Ijtirium pro- 
duetluu by iiboul half. But at lower tomiieriiliires, tlic 
prodneUoit rate Is not suppressed. Another Interprctti- 
tloii 1.S that ill the hf,>h teiiiiieriitures, the total reuullou 
of Itsirfum may be nearltiR completion (one-balT of total 
Ua available for dtsponslni?) and the production rale 
slows down. 


These data of figure 17 and a uonipailson with i'-’i 
theoretleal Insert lifetime models do confirm llmi tJa 
pre.sent :iO-cm EM design Insert is near optimum. The 
Insert temperature is adequately hot to dispense suffi- 
cient Ba lor good cathode performance and life, and yet 
not loo hot that the predicted lifetime Is below the 
:iii OOO-hoiir design life. The Ga loss rale of figure 17 
may be even furOier reduced if tlio "beat sliih" are.a tem- 
perature is nearer actual vaporizer lemperiiturc (300“C). 
ami the barium condensed at Use lliO'^ C temperature, 
piUTially rolurns to the insert pores, 'I'lie data of fig- 
ure 17 predict an insert lifetime of SO OOO hours at 
U0o“ C and 10 vi>0 hours at t00D° C. Confirmation of 
these predictions will require additional insert heating 
tests where Ba loss rate is measured several times to 


establish a time- rale curve tliat may be extrapolated to 
EOL,. Actual life tests of Inserts in operating thrusters 
will bo llic final proof of a design, aiul a 15 000-hour life 
tost nt a 00-cm EM tlmister^"^^ Is underway to demon- 
strate Un-aster {and cathodel lifetime. 


Inmd, tlie llfoUmu In general liierensoH wlUi lower tern- 
peratui'L, down to a limit. Theoretical enicnhitloiis were 
enrried out to tiescribe the oiieriillon of IxHh rolled foil 
and Ua iraiiregnuled tungsten Inserts, Tliese ealciihitinns 
IH'cdtctcd the llfellme as a fancUoti of operating leiiipera- 
ture range for each tyiie. inaert lemiierature mejnsure- 
ments were made as ii fimefion of entiimle design iimi 
opcraliiig eondltlons. On the basis of Uie.se insert tom- 
pcratui'u mciiBitremenis, the iheorelieal imalysls and 
tiiriiBter performimee data, It was full tlial ISO-em 
eatliude designs ho .e been d( vul(i|)cd whieli nlloiv siiffl- 
cleiit Urcllme iW-d also lead to siillsfaclory ilirustur pur- 
fornumee, 

A series of life tests were pcrl’ormed to verify tiie 
appronehes used in :io-em eailiode design. A O.-IO-mm 
orifice eatliode wltli an Impregnated laseiT was duration 
IcBted ut 2 amps emission for 10 OOO hours witii negligi- 
ble ebunge In performance. A U. 7ti-mm orifice 
cathode (l!) described in 'I'ablc 1 with an impregmiled 
insert recessed 0. US cm fi-oni the tl|i ha.s been suceess- 
fully endunmeo te.sted for IS OUt) hours at current levels 
up to 12 amps emission with lilUc or no ehiuigc in base- 
line keeper yoUago er ijlher porforninnce level. 
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TAF3LE: I. - SUM.MARV OV CATHODE CONPICUHATIONS TESTED 


I 




Catlioilis 

numboi* 

Orifice 
din meter, 
mm 

Type of Insori 

Insert dimensions 

bisert position 
distance recessed 
from tip, 
cm. 

Radiation 
fin diameter 

Total run 
hours 

1 

0. 70 

Itollcd foil 
coaled vvitli 
R-600 

2, 5-1- by IG. 2-cin 

O.DG 

None 

1 260 

2 

.70 

Boiled foil 
coated wtlh 
B-600 

2. G‘l- by 16. 2-cm 

.05 

1,76-cm fin 
+ 0. S-cin 
long collar 

10 600 

a 

.76 

Impregnated 

2, 6*l-em long by 
0. 5'1-cin 0 . d. 
by 0, 23-om 1. d. 

.06 

1. 75-cm tin 
+ 0, 5-cm 
long collar 

>18 000 
(still 
ruimlng) 

4 

.‘10 

Impregnated 

2. 6-1- cm long by 
0.5‘1-cm o.d. 
by 0. 26-om 1, d. 

(a) 1, 27 (<1G00 hr) 
(b) At tip (>1600 hr) 

Nono 

15 000 

5 


Impregnated 

2. 6‘1-cm loiiii by 
0, 54- cm 0 . d. 
by 0, 38-om 1, d. 

(a) 0.63G (<70 hr) 
fb) At Up (5-70 hr) 

1.76 om 

>3 fOO 

G 

.76 

Impregnated 

2. 64- om long by 
0. 54-om 0 . d. 
by 0. as- cm 1. d. 

(a) 0. 626 

(b) At tip 

1.76 cm 

Short test 


TABLE IL - OPERATING CONDITIONS OF CATHODES TESTED 


Cathode 

number 

Preheat tip 
power, 
W 

Muss 

now, 

mA 

Number 

of 

restarts 

Keeper 

current, 

mA 

Emission 

current, 

amps 

Cathode temperntures, °C 
Behind Up heater Face of tip 

1 

34 

170 

0 

300 

12 

1080 

1450 

2 

flO (Initially) 
60 

170 

30 

300 

12 

825 

925 

3 

05 (Inittully) 
70 

1‘10 

48 

500 

Varied 
(12, 12.2, 
7,10,10.6) 

— 

060 

4 

5-1 

(60-80) 38 

580 

2 

875 

(<1600 hr) 
560 

1150 

(<1600 hr) 
020 

5 

64 

140 

9 

600 

10.6 

(a) 826 (insert 
recessed) 

(b) 510 (insert 
at tip) 

1120 (insert 
recessed) 
060 (Insert 
at Up) 

c SO 140 

preceding page 

10 

BLANK 

600 

NOT FUJ 

10.6 

(a) 736 (heater, 
and Insert 
recessed) 

(b) 520 (insert 
at Up) 

1120 (re- 
cessed 
Insert) 
940 (insert 
at Up) 
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Figure 1. - Cathode configuration for 0. 76 mm orifice cathodes. 



Figure 2. - Photomicrograph of cathode 2 after 
10600 hours at 12 amps. 



CATHODE ORIFICE 



0 4000 8000 12 000 16 000 


TIME, hours 

Figure 3. - Neutralizer cathcJe orifice diameter as a function 
of time for cathode 4 run at 2 amps emission current. 


CATHODE 1 
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Figure 4. - Collector and keeper voltages as a function of 
time for cathode 1. 



CATHODE 2 


O CO'.lfCTOR VOLTAGE 
□ KEEPER VOLTAGE 



Figure 5. - Keeper and collector voltage as a func- 
tion of time for cathode 2. 


CATHODE 2 WITH RADIATION FIN 
m • 190 mA 

O TIP THERMOCOUPLE 
□ THERMOCOUPLE BEHIND HEATER 

CATHODE 1 WITH NO RADIATION FIN 
m ' 170 mA 


O TIP THERMOCOUPLE 
A THERMOCOUPLE BEHIND HEATER 

NOTE; NO TIP HEATER ON DURING MEASUREMENTS 
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(EMISSION CURRENT). A 

Figure 6. - Temperature as a function of emission current for 
cathodes 1 and 2. 
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Figure 7, - Keeper and collector voltage as a function of 
time for cathode 3. 
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Figure 8. - Keeper and collector voltage, tip and cathode tem- 
perature for cathode 4 as a function of time. 
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Figure 10. - Variation of temperature, keeper and 
collector voltages with neutral flow rates for cath- 
ode 5 for two insert positions. 





VAPORIZER SWEGE BEHIND CATHODE 

LOCK HEATER TIP 

Figure 11. - Plot of temperature profile of cathode 5 
at a equivalent Hg mass flow of 140 mA and no tip 
heaters on. 




'/APORIZER SWEGE BEHIND CATHODE 

LOCK HEATER TIP 

Figure 12. - Temperature profile of cathode 6 and 
insert temperature. 


log P(g), PRESSURE IN TORR CATHODE INSERT LIFETIME, hours 




Figure 14. - Vapor pressure of Ba or BaO produced by var- 
ious reactions and temperatures. (0 is monolayer frac- 
tion of Ba on surface. ) 



10 ° 



Figure 17. - Impregnated insert weight loss after 
1000 hours in heated cathode tube. 


N A$A*Lewtg 



